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Abstract 

Production of a single doubly charged Higgs boson A in polarized e + e~ and e + 7 
collision modes of the linear collider have been investigated. The mass range of A to be 
probed extends up to the collision energy. The diagonal lepton number violating Yukawa 
coupling h ee will be tested at least three orders of magnitude more strictly than in present 
experiments. 
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1. Introduction. Discovery of a doubly charged scalar particle in future colliders 
would be a definite signal of new physics beyond the Standard Model (SM). One of the 
most attractive theories in which such particles are present is the left-right symmetric 
(LR) electroweak theory [j]. This theory, based on the gauge symmetry group SU{2)l x 
SU{2)r x U{1)b-l , was proposed to offer a dynamical solution to the parity violation of 
weak interaction. The presence of triplet representations of Higgs fields, i.e. SU(2) ^ triplet 

and SU(2)l triplet A^, provides a simple explanation to the lightness of neutrinos via 
the see-saw mechanism The triplet scalars do not couple to quarks and their couplings 
to leptons break the lepton number by two units, leading to a clear decay signature of the 
doubly charged scalars, namely a same sign pair of leptons. 

In literature several experimental tests of lepton number violating interactions me- 
diated by virtual doubly charged bosons have been reported. There are two unknown 
parameters on which the obtained constraints depend: the mass of the scalar — and 
a coupling constant hij, where i,j = e,fi (no constraints are available for the r leptons). 
Assuming that the rest energy of the scalar is large compared with the interaction en- 
ergy, the constraints one can derive from the present measurements are upper limits for 
quantities of the type h^hiiy jM\ 

The present experimental constraints are the following (see and references therein). 
The most stringent constraint comes from the upper limit for the flavour changing decay 
ji — > eee: 

h eiM h ee < 3.2 x KT 11 GeV" 2 • Ml—. (1) 
From non-observation of the decay \i — > ej follows the constraint 

V V £ 2 • 10_10 GeV ~ 2 • M l- ■ (2) 

From the Bhabha-scattering cross section at SLAC and DESY the following bound on 
the h ee coupling was established: 

h\ e & 9.7 x 1(T 6 GeV" 2 • M|— . (3) 
For the coupling the extra contribution to (g — 2) M yields the limit 

V £ 2.5- 1(T 5 GeV~ 2 -M|— , (4) 

and the muonium transformation to antimuonium converts into a limit 

h ee h^ & 5.8 • 1(T 5 GeV~ 2 • Ml—. (5) 

We will point out in this paper that in a linear collider (LC) currently under discussion 
one can obtain much more stringent constraints than those quoted above by considering 
single production of A . 

2 . Production of a single doubly charged scalar. The single production of doubly charged 
scalars in lepton colliders has been previously studied by several authors @, |], The 
production in ep collisions at Hera was considered in 0. In high energy pp collisions at 
LHC the triplet A can be produced via WW fusion process which has been studied in 
0. The rate of this process is suppressed either by the large mass of the right-handed 
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gauge boson W R or by the small left-handed triplet vacuum expectation value (vev) v L . 
In e~7 mode the production reaction is 

e - 7 -> Z + A~ . (6) 

The photon beam can be obtained by scattering laser pulses off the electron beam Q. 
The achievable monochromaticity and polarization rate are comparable with the electron 
beam ones []10| |. In e + e~ collisions a single A can be produced in 



e+e" -> e + l + A~~ . (7) 

In the e~e~ collision mode a single A will be produced in s-channel anihilation. If 
the mass of A were known in advance, e.g. from the other LC collision modes or LHC 
experiments, one could adjust the collision energy suitably to have a very large production 
cross section at pole. In this way one would be capable to probe extremely small values 
of the coupling constant h ee , as was shown in ||. 

In this paper we will investigate the sensitivity of linear collider to the mass and 
couplings of a doubly charged Higgs scalar in the single production reactions © and 
(0). We present our results for several collision energies (y/s = 360, 500, 800 and 1600 
GeV), and we take into account polarization of the initial state particles. Unlike previous 
authors Q we do not use any approximations to calculate the cross sections of process 
(0) and keep lepton masses explicitly in the formulae. We will perform our analysis in the 
framework of the left-right symmetric model, where doubly charged scalars appear most 
naturally, but our results are applicable to any model with scalar bileptons |TT[] . 

3. The model. Let us present some basic features of the SU{2)l x SU{2)r x 
U{1)b-l model. In this model leptons are assigned to doublets of gauge groups SU(2)i 
and SU(2)r according to their chirality: 



=(2,1,-1), V 





•r 

and similarly for the other families. The minimal set of fundamental scalars consists 
of a bidoublet $, one SU(2) L triplet A L and one SU{2) R triplet A R . Their quantum 
numbers are $ = (2,2,0), Al = (3,1,2) and A R = (1,3,2). This set of scalars allows 
for a manifest left-right symmetry of the Lagrangian and leads to a consistent symmetry 
breaking scheme. 

The Higgs bidoublet and triplets 
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acquire non-vanishing vacuum expectation values given by 



The vev of the bidoublet $ breaks the Standard Model symmetry SU(2) l x U(1)y and gen- 
erates Dirac mass terms to fermions through the Yukawa Lagrangian ^ l L (fij^ + gij^)^ J R + 
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h.c, where $ = a 2 ^*(J2- The left-handed triplet vev vl is forced to be small due to its 
contribution to the p parameter. The right-triplet A R breaks the SU (2) R x U (1) b-l sym- 
metry to U(1)y and at the same time the discrete L <-> R symmetry. The vev vr gives 
masses to Wr as well as to the doubly charged scalars A^. It also provides right-handed 
neutrinos with large Majorana mass terms via the Yukawa Lagrangian 

C Y = hij^ffnCazAR^R + ^ L Ca 2 A L ^ jL ) + h.c, (11) 

where ^ir } l = (ym,Li Ur,l) and i,j are flavour indices. This mass Lagrangian combined 
with the Dirac mass terms from the bidoublet Yukawa couplings gives rise to the see- 
saw mechanism of neutrino masses @, which is an attractive way to produce very light 
neutrinos. 

The processes we are interested in have their origin in the Yukawa Lagrangian (|TTD that 
contains interactions between the doubly charged Higgses and leptons. The strength of 
the interaction is scaled by the unknown Yukawa coupling constants which, in general, 
are not flavour diagonal allowing for lepton number violating interactions. The present 
constraints on these couplings were listed above. 

The two doubly charged Higgses A^ have different chiral couplings to leptons. Their 
masses are expected to be comparable with each other because they derive both from 
similar terms of the scalar potential |L2). Since their production processes are the same 
we shall concentrate in the following only on the production of A^~. Therefore we assume 
that the electron beam is always 100% right-handedly polarized. This is, of course, a 
simplification which is motivated by the very high polarization rate achievable in the LC. 
Using a right-handedly polarized electron beam has the benefit that at the same time 
one swiches off most of the SM background processes which would otherwise mask the 
discovery of new particles. 

4. Production rates. Feynman diagrams contributing to the reaction (||) are depicted 
in Fig.l. As can be expected the dominant contribution to the cross section comes from 
the diagram with a t-channel exchange of a lepton. It is important to emphasize that to 
get physically meaningful results one must take into account the masses of the leptons 
when calculating the helicity amplitudes of the process. The reason for that is twofold. 
Firstly, neglecting the lepton masses would make the total cross section to diverge in the 
backward direction. Secondly, one may expect that with proper angular cuts one can 
estimate the partial cross section for the central region of the detector to be correct when 
the lepton masses are neglected. In this case the partial cross section is an increasing 
function of the doubly charged Higgs mass Ma and approaches a constant value when 
Ma approaches the collision energy. This unphysical behaviour is cured when the masses 
are taken into account. 

In Fig. 2 we plot the total cross section of the process @ in the case when the final 
state lepton is an electron as a function of Ma for two different photon beam polarizations 
and for four different collision energies ■ s js ei =300, 420, 670, 1450 GeV, which correspond 
to the energies ^Js^~ e =360, 500, 800, 1600 GeV of the e + e~ collider, respectively. The 
Yukawa coupling constant is taken to have the value h ee = 0.1. The cross section is large for 
the whole kinematical range of the LC. When the photon beam has linear polarization of 
r = — 1 the cross section is a decreasing function of Ma, for the photon beam polarization 
of r = 1 the behaviour is quite the opposite, the cross section increasing with Ma almost 
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up to the kinematical threshold. Due to the t-channel electron exchange the differential 
cross section of the process is strongly peaked in the backward direction and most of the 
produced A^~'s have momenta almost parallel to the beam axis. 

Feynman diagrams contributing to the process (|7|) are depicted in Fig. 3. Note that 
there are also crossed digrams if both of the final state fermions are electrons. We have 
neglected diagrams involving neutral Higgs bosons as they are strongly suppressed due 
to the negligible couplings of Higgses to electrons and the large Higgs masses. We have 
also checked that at the LC energies the diagrams mediated by Z bosons are suppressed 
compared with the graphs involving photons and can be neglected. Therefore, the process 
(|) can be regarded as the subprocess of the reaction (|7|). 

One can estimate the total cross section of the process (0) using equivalent particle 
approximation (EPA) |13] and integrating the cross section of the process (|6]) over the 
photon spectrum of EPA as was done in ||. However, because of the delicate effects of 
small fermion masses in this case, the EPA is expected to give only very rough estimates 
of the total cross section and to fail to predict further details of the process. Therefore, 
we have calculated the cross section of the process (|^) exactly keeping lepton masses non- 
zero both in the amplitude and in the phase space formulae. Indeed, the behaviour of the 
process (0) cannot be predicted by studying the process (|B|). The individual contribution 
to the cross section of each separate graph in Fig. 3 is huge, but they cancel by several 
orders of magnitude due to destructive interference terms. The distribution of produced 
doubly charged particles is peaked strongly in the forward direction. 

In Fig. 4 we plot the total cross section of the process (0) in the case when both final 
state fermions are electrons as a function of Ma for collision energies of = 360, 500, 
800, 1600 GeV assuming different longitudinal polarizations of the positron beam. The 
triplet Yukawa coupling constant is taken to be h ee = 0.1 in these plots. The cross section 
for the right-handedly polarized positron beam is larger than the one for the left-handedly 
polarized positrons for almost all testable Ma range. Close to the kinematical limit the 
difference can be more than one order of magnitude. Only for relatively small Ma values 
the situation is the opposite but in this case the cross sections are comparable in size. 
Clearly, with the chosen parameters one can test Ajf~ masses almost up to the kinematical 
threshold. 

In order to discover A^~ at the LC one has to detect its decay products. The decays of 
doubly charged Higgs bosons have been studied e.g. in ||. With reasonable assumptions 
on the masses of Higgs bosons and various mixing angles the main decay modes were 
found to be A^ _ — > and — > W^Wr, where Zi i2 denote leptons. Since for the 
Ar mass range we are considering the latter decay is kinematically forbidden, we assume 
in the following that A^~ decays 100% to leptons. The experimental signature of the 
decay is then the same sign lepton pair with no missing energy, including lepton number 
violating final states, e.g. [i~ \i~ or e~/j l ~. 

As can be seen in Fig.5., for a light A^~ the distribution of a produced lepton l~ is 
peaked in the backward (process (^])) or forward (process (J])) direction, for larger masses 
the distribution becomes more flat. This is an expected behaviour since the heavier 
the particles, the less boosted they are along the beam axis. Assuming the coverage of 
the detector to be | cos#| < 0.95 one can detect about 60% of the final state leptons if 
Ma = 100 GeV and considerably more for larger masses. 
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The opening angle between the two produced leptons strongly depends on the mass 
of A^ _ . For heavy A^ - the final state leptons are almost back to back while for 100 GeV 
Higgs boson the opening angle is restricted to be cos 6*12 ^ 0.5. This implies that one of the 
leptons can always be detected. Taking into account the rather small losses of the decay 
products, clear experimental signatures (lepton number violation, no missing energy) and 
almost no background from the SM, the doubly charged Higgs is hard to miss in LC if it 
is produced. 

5. Sensitivity to \AL\ = 2 couplings. Let us finally analyse the sensitivity of the LC 
to the triplet Yukawa couplings h^. The couplings can be tested either in the production 
processes or in the decays of the Higgs bosons. Since our first interest is the production 
of A^~ we will assume that the Higgs boson mass is in the LC energy range. If A^~ will 
not be seen in the collider experiments one will be able to put an upper bound on the 
couplings. 

The present constraints ([$]), (|) and (||) do not yield any essential restriction on the 
diagonal couplings h ee and for the scalar masses above the electroweak scale, and 
as large values of the couplings as 0(1) are allowed. The off-diagonal coupling h efJi is 
instead restricted by ([!]) well below unity in the whole mass range covered by the LC. 
At the LC one will be able via the reactions (|7J) and (|5|) to improve these constraints 
substantially. Furthermore, in addition to the non-diagonal h efl coupling one will be able 
to probe also the non-diagonal coupling h eT , for which there are no bounds at all from 
low energy processes. 

Let us first consider the reaction (|6|). The primary lepton created in the process will 
remain undetected as it is radiated almost parallel to the beam axis. One cannot tell 
whether this particle is a positron, antimuon or antitau. Therefore, the quantity which 
one can test in the reaction is actually the sum h 2 e + h 2 + h 2 T . The upper bound obtained 
for this sum is, of course, the upper bound of each individual term of the sum separately. 

Assuming the integrated luminosities of e~7 collisions to be L = 5, 10, 20, 40 fb _1 
and that for the discovery of A^ _ one needs ten events, we obtain the upper bounds 
plotted in Fig. 6. As one can see from the figure, the sensitivity of the LC on the quantity 
(h 2 e + h 2 + h 2 ^) 1 ' 2 is on the level of 10~ 3 almost up to the threshold value of the A^~ 
mass. In other words, 

h ee , h eiJl , h er £ 10~ 3 (12) 

for Ma — ^ ■s/Se-y. Among the present constraints only ([!]), also presented in the plot, 
competes with these bounds and does so only at the low mass values. For the coupling 
h eT no bounds exist from the present experiments. 

For the same A^~ mass, the cross section of the process (^) is roughly two orders of 
magnitude smaller than the cross section of the process (|6]), implying that the constraints 
obtained for [h 2 ee + h 2 + h 2 T ) 1 ^ 2 are correspondingly weaker, although the higher lumi- 
nosities L = 20, 50, 100, 200 fb _1 of e + e~ slightly compensate the lack in cross section. 
The resulting bounds are presented in Fig. 7. 

6. Summary. We have studied in the framework of the left-right symmetric model the 
single production of a doubly charged Higgs boson via the reactions e~e + — > e + / + A 
and e~7 — > l + A at the LC. We found that the testable range of A^~ mass extends 
almost up to the collision energy. A negative search of the double charged scalar will 
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lead to constraints for the lepton number violating Yukawa couplings substantially more 
stringent than the present ones. 

Acknowledgement 

We thank F. Botella and A. Santamaria for clarifying discussions. G.B. acknowledges the 
Spanish Ministry of Foreign Affairs for a MUTIS fellowship and M.R. thanks the Spanish 
Ministry of Science and Education for a postdoctoral grant at the University of Valencia. 
This work is supported by CICYT under grant AEN-96-1718 and by the Academy of 
Finland. 



References 

[1] J.C. Pati and A. Salam, Phys. Rev. D 10 (1974) 275; 

R.N. Mohapatra and J. C. Pati, Phys. Rev. D 11 (1975) 566, 2558; 
G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12 (1975) 1502; 
R. N. Mohapatra and R. E. Marshak, Phys. Lett. 91B (1980) 222. 

[2] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewenhuizen 
and D. Z. Freedman (North Holland 1979); 

T. Yanagida, in Proceedings of Workshop on Unified Theory and Baryon Number in 
the Universe, eds. O. Sawada and A. Sugamoto (KEK 1979). 

[3] M.L. Swartz, Phys. Rev. D 40 (1989) 1521; 
R. Mohapatra, Phys. Rev. D 46 (1992) 2990. 

[4] T. Rizzo, Phys. Rev. D 25 (1982) 1355 and Phys. Rev. D 27 (1983) 657; 
M. Lusignoli and S. Petrarca, Phys. Lett. B 226 (1989) 397. 

[5] T. Rizzo, Phys. Rev. D 45 (1992) 42; 

N. Lepore, B. Thorndyke, H. Nadeau and D. London, Phys. Rev. D 50 (1994) 2031. 

[6] J.F. Gunion, Int. J. Mod. Phys. A 11 (1996) 1551. 

[7] E. Accomando and S. Petrarca, Phys. Lett. B 323 (1994) 212. 

[8] K. Huitu, J. Maalampi, A. Pietila and M. Raidal, eprint |hep-ph/ 960633 1| , submitted 
to Nucl. Phys. B. 

[9] I. Ginzburg, G. Kotkin, V. Serbo and V. Telnov, Pizma Zh. Eksp. Teor. Fiz. 34 
(1981) 514; Nucl. Instrum. Methods 205 (1983) 47. 

[10] See e.g., V. Telnov, in Proc. of the Workshop on Physics and Experiments with Linear 
Colliders (Hawaii, 1993), eds. F.A. Harris, S.L. Olsen, S. Pakvasa and X. Tata (World 
Scientific, 1993). 

[11] For an overview see, F. Cuypers and S. Davidson, [hep-ph/9609487| , submitted to 
Phys. Rep. 



6 



[12] J. F. Gunion, J. Grifols, A. Mendez, B. Kayser and F. Olness, Phys. Rev. D 40 (1989) 
1546; 

N. G. Deshpande, J. F. Gunion, B. Kayser and F. Olness, Phys. Rev. D 44 (1991) 
837. 

[13] C.F. von Weizsacker, Physik Z. 88 (1934) 612; 
E.J. Williams, Phys. Rev. 45 (1934) 729. 



7 



Figure caption 



Fig.l Feynman diagrams of the process e 7 — > / + A in the left-right model. 

Fig. 2 Total cross section of the process e _ 7 — > e + A as a function of Higgs boson mass 
Ma for different beam polarizations and collision energies as indicated in figure. 

Fig. 3 Feynman diagrams contributing to the process e~e + — > e + / + A in the left-right 
model. 

Fig. 4 Total cross section of the process e~e + — > e + e + A as a function of Higgs boson 
mass Ma for different beam polarizations and collision energies as indicated in figure. 

Fig. 5 Angular distribution of final state leptons produced in decays of doubly charged 
Higgs boson A^ - . Production processes and masses of the Higgs boson are shown 
in figure. 

Fig. 6 Achievable constraints on triplet Yukawa couplings from the process e~7 — > / + A i? _ 
for different collision energies as functions of the scalar mass. The most stringent 
present constraint from low energy experiments is also drawn. 

Fig. 7 Achievable constraints on triplet Yukawa couplings from the process e~e + — > 
e + l + A : F r for different collision energies as functions of the scalar mass. The most 
stringent present constraint from low energy experiments is also drawn. 
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